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ABSTRACT 

Context. Several extended sources of very-high-energy (VHE, E > 100 GeV) gamma rays have been found that lack counterparts 
belonging to an established class of VHE gamma-ray emitters. 

Aims. The nature of the first unidentified VHE gamma-ray source with significant angular offset from the Galactic plane of 3.5°, 
HESS J1507-622, is explored. 

Methods. Fermi-LAT data in the high-energy (HE, 100 MeV < E < 100 GeV) gamma-ray range collected over 34 month are used to 
describe the spectral energy distribution (SED) of the source. Additionally, implications of the off-plane location of the source for a 
leptonic and hadronic gamma-ray emission model are investigated. 

Results. HESS J 1507-622 is detected in the Fermi energy range and its spectrum is best described by a power law in energy with 
T = 1.7 ± 0. l stat ± 0.2 sys and integral flux between (0.3 - 300) GeV of F = (2.0 ± 0.5 stat ± 1.0 sys ) x 10" 9 enr 2 s" 1 . The SED constructed 
from the Fermi and H.E.S.S. data for this source does not support a smooth power-law continuation from the VHE to the HE gamma- 
ray range. With the available data it is not possible to discriminate between a hadronic and a leptonic scenario for HESS J 1507-622. 
The location and compactness of the source indicate a considerable physical offset from the Galactic plane for this object. In case 
of a multiple-kpc distance, this challenges a pulsar wind nebula (PWN) origin for HESS J 1507-622 since the time of travel for a 
pulsar bom in the Galactic disk to reach such a location would exceed the inverse Compton (IC) cooling time of electrons that are 
energetic enough to produce VHE gamma-rays. However, an origin of this gamma-ray source connected to a pulsar that was born off 
the Galactic plane in the explosion of a hypervelocity star cannot be excluded. 

Conclusions. The nature of HESS J1507-622 is still unknown to date, and a PWN scenario cannot be ruled out in general. On 
the contrary HESS J 1507-622 could be the first discovered representative of a population of spatially extended VHE gamma-ray 
emitters with HE gamma-ray counterpart that are located at considerable offsets from the Galactic plane. Future surveys in the VHE 
gamma-ray range are necessary to probe the presence or absence of such a source population. 

Key words. Gamma rays: ISM - Stars: pulsars - ISM: supernova remnants - Radiation mechanisms: non-thermal 



1. Introduction 

The inner Galaxy has been surveyed by the H.E.S.S. telescope 
array in very-high-energy (VHE, E> 100 GeV) gamma rays 
and during this survey several sources of such radiation have 
been found which lack o bvious counterparts in other wavelength 
dAharonian et al.Ll2008l) . VHE gamma rays are in many cases ex- 
pected to be produced either by inverse Compton (IC) scattering 
of low energy photons from e.g. stellar radiation fields or the 
cosmic microwave background radiation by VHE electrons (lep- 
tonic channel) or by n decay following inelastic collisions be- 
tween hadronic cosmic rays and target pro tons and nuclei from 
the am bient medium (hadronic channel, see lHinton & Hofmannl 
120091 for a review). Both channels could in principle explain 
the characteristics of the significant population of unidentified 
VHE gamma-ray sources which lack obvious counterparts in 
other wavelen gth. Evolved pu l sar wind nebulae (PWN) as lep- 
tonic sources dde Jagerl 2008; Mattanaet al., 2009) or old su- 
perno va remnants (SNRs) as hadronic sources (lYamazaki et al.L 
120061) have been proposed to be viable object candidates. Both 
scenarios have in common that they assume a rather large ob- 
ject age of > 10 4 years. Indeed, as in the case of the formerly 
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unidentified sources H ESS J1616-508 (lAharonian et al.L 120051) 
and HESS J1731-347 (lAharonian et all 120081). bo th could be 
associated to an evolved PWN (Landi et a U |2007|) and an old 
SNR system dTian et all [20081: lAbramowski et all 1201 lab , re- 
spectively. However, the gamma-ray production processes in a 
large fraction of unidentified VHE gamma-ray sources are still 
not known to date. 

One possibility to distinguish between a leptonic and a 
hadronic scenario for a specific source is to utilise observa- 
tions in the to the VHE gamma-ray range adjacent band of 
hig h-energy (HE, 100 MeV < E < 100 G e V) gamma rays (see 
e.g. iTam et all 120101: lAbdo et all l2011ah . iTorres et al] (120111) 
demonstrated the potential of this approach by using data ob- 
tained in observations with the Large Area Telescope (LAT) 
aboard the Fermi satellite to investigate the nature of the uniden- 
tified VHE gamma-ray source HESS J 1858+020. 

In the HE gamma-ray band, observations of objects lo- 
cated close to the Galactic plane are severely affected by dif- 
fuse gamma-ray emission originating from interactions of HE 
electrons and hadrons with interstellar radiation fields and in- 
terstellar matter. Thus strong, unidentified VHE gamma-ray 
sources with an offset from the Galactic plane are ideal for 
such an investigation of the radiation mechanism. Recently, 
such an object with an angular offset from the galactic plane 
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has indeed been found: HESS J1507-622 (lAcero et all 1201 ll) . 
This source is detected with an integral flux above 1 TeV of 
F 7 (> ITeV) = (1.5 ± 0.4 stat + 0.3 sys ) x KT^cirrV 1 and a 
power-law spectrum dN/dE - A:(£yiTeV)~ r with spectral in- 
dex T = 2.24 + 0.16 sta t ± 0.20 sys and a flux normalization of 
k = (1.8 ±0.4) x IP" 12 TeV ' cm" 2 s" 1 . For this particular ob- 
ject, iDomainkol (1201 lh showed that it is difficult to explain the 
gamma-ray emission to originate from an old SNR. An attempt 
was made to explain HE SS J 1507-622 in th e framework of an 
ancient PWNe scenario (iTibolla et all 1201 lh . So far no pulsar 
could be identified in the vicinity of the H.E.S.S. source. 

Recently a GeV counterpart to HESS J1507-622, namely 
2FGL J15 07. 0-6223, has bee n reported in the Fermi 2-year 
catalogue dNolan et all l2012h . In this paper an extended 34 
month ferm/-LAT data set is used to investigate gamma-ray 
emission models of HESS J1507-622 using the differential en- 
ergy spectrum from GeV to TeV energies. Additionally , radio 
and X-ray measurem ents from the literature (lAcero et all 1201 U 
iMurphv et all 120071) are adopted to further constrain the SED. 
Furthermore, its location offset from the Galactic plane is used 
to set constraints on the nature of the source. 



2. Fermi-LAJ analysis 

The Fermi-LAiT is a pair-conversion telescope operating in the 
20 MeV to 300 GeV energy range. The direction of incident pho- 
tons is reconstructed by means of a tracker. A calorimeter is 
used to measure the energy of the incident particle, and an anti- 
coincidence system efficiently suppressed the charged-particle 
background. The large field-of-view of the instrument of ~ 2.4 sr 
allows to cover the whole sky every two orbits. The LAT pro- 
vides an angular resolution of < 1° at 1 GeV and < 0°.2 at 
10 GeV. A full mission- and inst rument-related description can 
be found in lAtwood et al.l(l2009l) . 

Based on 24 months of data, the HE gamma-ray source 
2FGL J1507. 0-6223 has been reported to emit gamma-ray emis- 
sion in the HE regime (Nol an et all 120121) . Within the 1 cr po- 
sitional uncertainty, 2FGL J 1507. 0-6223 is consistent with the 
best fit position of HESS J 1507-622 (angular separation of 3.6') 
which makes a physical association of the ferm/-LAT and the 
H.E.S.S. source very likely. The best fit model to the spec- 
tral energy distribu tion (SED) of 2FGL J1507. 0-622 reported in 
iNolan et all (120121) is a power law in energy (dN/dE oc E~ r ) 
with differential index F = 1.9 + 0.2 and an integral flux between 
(1 - 100) GeV of (1 .0+0.3)x lO^cirT 2 s" 1 . Note that in the cata- 
logue significant emission is reported only in the (10-1 00) GeV 
band and flux upper limits are given at lower energies. 

The analysed data set used in this work has been recorded 
in observations over 34 months of operation from the commis- 
sioning of Fermi in August 2008 until May 201 1. Data analysis 
has been performed using events with reconstructed energies be- 
tween 300 MeV and 300 GeV, utilising the Fermi Science Tools 
(FST) package, version v9r23plQ Events have been selected ac- 
cording to and analysed with the P7Source_V6 instrument re- 
sponse functions (IRFs). 

The best fit position of HESS J1507-622 has been used to 
define a Region-of-Interest (Rol) of 10° from which events have 
been included in the maximum likelihood analysis. All sources 
within 15° around the Rol were modeled to pr oduce energy 
spectr a and to calculate the test statistics (TS) dMattox et all 
1 19961) of the source. With the FST gtlike tool and an un- 
binned maximum likelihood fitting procedure, the energy spec- 



trum of 2FGL J1507. 0-622 has been derived. For this purpose, 
all sources listed in the FermZ-LAT 2-year catalogue in the Rol 
were modeled according to their best fit model. In order to guar- 
antee stable fit results and since there are 65 identified Fermi- 
LAT sources in this region of the sky, only the flux at the de- 
correlation energy has been left as free parameter in the minimi- 
sation procedure. All other parameters have been fixed to their 
catalogue value. The Galactic and Extragalactic background 
components were modeled with the files galJ.yearplv6-vQ.fits 
and iso_plv6source.txQ, respectively. At the HESS J 1507-622 
position a TS value of 60, corresponding to a statistical signifi- 
cance of ~ 7.7cr is found. The energy spectrum is best described 
by a power law in energy with F = 1.7 + 0.1 st at ± 0.2 sys and inte- 
gral flux between (0.3 -300) GeV of F = (2.0±0.5 stat ± 1.0 sys )x 
10~ 9 cm" 2 s" 1 . The flux in each energy band as shown in Fig. [2] 
and Fig.|3]has been calculated following the same procedure as 
described above. 




Fig. 1. Test statistics map for photon energies 10 < E < 
300 GeV. The cyan circle denotes the error circle of the best 
fit position of the LAT source in this energy band and the 
black circle indicates the intrinsic wi dth of the H.E.S.S. source. 
Overlaid in green are CO contours (iDame et all 12001 1) of the 
foreground molecular cloud located at a distance of « 400 pc 
(-10 to Okms" 1 ) and measured in units of average temperature 
(from 0.75 to 1 .5 K in steps of 0.25 K). 



The systematic error of the spectral result has been esti- 
mated by employing alternative source models, where other 
spectral parameters such as the spectral index for power-law- 
type sources and/or the normalisation of 2FGL sources within 
5° of 2FGL J1507. 0-622 have been left free in the minimisation 
procedure. As can be seen in Fig.Q] there is some residual emis- 
sion above 10 GeV energies, not covered by the Galactic diffuse 
model and partly coincident with a molecular cloud loc ated at 
~ 400 pc distance dDame et all 1200 U lAcero et all 1201 lh . Given 
the distance of 2FGL J1507.0-622 to the CO peak of ~ 1°, no 
significant contribution to the 2FGL J1507. 0-622 emission is ex- 
pected. Indeed, including an additional point-like source at the 
peak CO emission in the model did not change the fit results by 
more than 10% above 1 GeV (20% below 1 GeV). 



http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/ 2 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html 
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Fig. 2. Observed and calculated leptonic SED for HESS J1507-622 for a continuous injection of electrons. Two cases are shown: 
solid lines represent a model with an assumed (young) objects age of 10 4 years and rather steep electron injection spectrum of 
T e = 2.6; the dashed lines represent a rather old object with an age of 3 x 10 5 years and an electron injection spectrum with F e = 2.0. 
For more details on the modeled SED see main text. 



3. Spectral energy distribution 



3.1. Leptonic model 



The Fermi results presented in the previous section together 
with H.E.S.S. measurements are no w used to s t udy th e SED 
of HESS J1507-622. Additionally, lAcero et all d20TTh found 
diffuse X-ray emission using Chandra within t he extend of 
HESS J1507-622 (magenta circle in Fig. 3 in lAcero et all. 



I2011I) . This source features aflux of (l.r°-|)xl0 -1: 



-0.5' 



erg cm 2 s ' 



in the energy band of (2 - 10) keV. This is the only extended 
X-ray source inside the VHE gamma-ray source and thus it is 
a potential counterpart to HESS J1507-622. However, it has 
to be noted that a firm association between the diffuse X-ray 
sour ce and the VHE ga mma-ray source can not be established 
(see lAcero et all 1201 ll) . To investigate possible constraints on 
the magnetic field, here it is assumed that this extended X- 
ray source is a counterpart to HESS J1507-622. Finally, the 
position of this source has also been covered by the second 
epoch Molonglo Gal actic Plane Survey in radio at 843 MHz 
dMurphv et al.L 120071) . No source has been detected at the posi- 
tion of HESS J1507-622 within the sensitivity limit of this sur- 
vey of 10 mJy/beam (beam size: 45 x 45\6\ arcsec). The extend 
of HESS J1507-622 contains about 450 beams. If the sensitiv- 
ity per beam is integrated over the whole area of the gamma-ray 
source then the limit on the radio flux from HESS J1507-622 
would be conservatively 4.5 Jy. 

The observed SED does not strongly support a smooth 
power-law continuation with slope F = 2.24 from HESS J1507- 
622 to the HE regime (see Fig |2]i and is suggestive of spectral 
curvature. It is apparently compatible with a flat spectrum with 
r =* 2 but also a rising slope from the HE to the VHE gamma- 
ray energy range cannot be excluded. With the available data it 
is not possible to discriminate between a hadronic and a leptonic 
scenario for HESS J1507-622 based on the spectral form (see 
e.g. Fig. 1213b and hence both scenarios are discussed in the fol- 
lowing. 



In Figure [2] a computed SED for the si mple case of a one zone 
model (see iHinton & Aharonianl, 120071) is compared to the ob- 
servational data. Given the fact that very little is known about 
HESS J1507-622, this simple approach was chosen in order 
to avoid too many implicit assumptions on the nature of the 
source. Due to the off-plane location of HESS J1507-622 it is 
furthermore reasonable to assume that only photons from the 
cosmic-microwave background (CMB) are up-scattered to VHE 
energies by HE electrons and that contributions from other tar- 
get radiation fields (e.g. starlight) can be neglected. In order 
not to overproduce synchrotron emission in the X-ray band in 
this scenario, the strength of the magnetic field was assumed 
to be B = ljuG. As a first approach a quite young age of 
10 4 years of the source is assumed and electrons are continu- 
ously injected during this period. In this case the rather flat ob- 
served SED from the HE to the VHE gamma-ray energy range 
requires a rather steep spectral index of the injected electrons. 
Fig. |2] demonstrates that such a leptonic scenario can in princi- 
pal reproduce the observational data (input parameters: electron 
spectra following a power law with exponential cut-off with in- 
dex F e = 2.6 and cut-off energy E c<e - 60TeV, total energy 
in electrons E e = 2.5x 10 49 (rf/lkpc) 2 erg, a magnetic field of 
B - 1 /jG, and age of 10 4 years). The constraints on the mag- 
ne tic field strength in ferred here differ from the value estimated 
in lAcero et all (1201 lb of B — 0.5 /iG due to the different spec- 
tral shape of the considered electron population (r e = 2.2 in 
lAcero et aD.1201 1|) . This leptonic model would furthermore pre- 
dict a radio flux density of about 2 Jy at the Molonglo frequency 
of 843 MHz. That would be comparable to the radio limit on the 
entire area of the gamma-ray source. As a further constraint, this 
model would require a quite low density of the ambient medium 
of < 0.1 crrT 3 . For higher densities bremsstrahlung would start 
to become dominant below a few GeV energies for such a steep 
electron spectrum. It has to be noted that, since the SED of 
HESS J1507-622 is observationally not very well constrained 
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the parameters of this leptonic model are not unique to describe 
the observations (see e.g. Fig. 1213b . 

The population of electrons required to explain the gamma- 
ray emission in a leptonic scenario could in principle be gen- 
erated by the spin-down energy loss of a pulsar. In the case 
where the pulsar is significantly older than its characteristic 
spin-down time the evolution of the population of electrons can 
be approximated by a burst like injection followed by IC and 
syn chrotron cooling. F or a r eview on the evolution of PWNe 
see iGaensler & Sland (|2006). Evolved PWNe with an age » 
10 4 years can appear as rather brig ht VHE sources with only 
faint multi-wavelength counterparts (Ide Jager et all 120091) . 

As a second possibility for a leptonic model that exhibits 
a fiat gamma-ray spectrum from the HE to the VHE gamma- 
ray energy band a model is chosen where electrons with a hard 
spectral index are continuously injected over a quite long period 
of time and interact with t arget magnetic and radiation fields 
dHinton & Hofmanrl l2009h (input parameters: electron spec- 
tra following a power law with exponential cut-off with index 
r e = 2.0 and cut-off energy E ce - 60TeV, total energy in elec- 
trons E e — 2 x 10 47 (c/'lkpc) 2 erg, a magnetic field of B — 1 juG). 
With these parameters it is found that an age of the source of 
3 x 10 5 years would be required to explain the gamma-ray emis- 
sion in the GeV range (see Fig.|2j. Thus HESS J1507-622 could 
in principle also be explained by a rather old object containing a 
cooling population of electrons that is continuously injected. 

3.2. Hadronic model 

In Figure [3] a computed hadronically dominated model is com- 
pared to the observed SE P. For a compreh ensive discussion of 
this hadronic model see IDomainkol d2011l) . The input param- 
eters for this model are: total energy in hadronic cosmic rays 
Ecr - 10 50 erg, spectral index of injected protons of F - 2.0, 
cutoff energy E 1% cr - 100 TeV, distance d = 2kpc, density 
of the ambient medium «h = 1 cm -3 , electron to proton ra- 
tio e = 5 x 10 4 , a magnetic field of B — 1//G and an age 
of 10 4 years. The predicted radio flux density at 843 MHz of 
this model is 5 mJy, compatible with the non-detection in the 
Molonglo survey. This scenario would require a rather young 
SNR and such a model has been regarded as a n unlikely expla- 
nation for HESS J1507-622 (IDomainkol [20 lib . This conclusion 
is based on the co mpactness of the VHE source measured in 
lAcero et all d2011l) . As can be seen from Fig. [3] the IC and syn- 
chrotron contribution from secondary electrons for an object age 
of 10 4 years is orders of magnitude below the IC and synchrotron 
emission from primary electrons. Note that only for object ages 
of > 10 6 years emission from secondary electrons become im- 
portant but even for this case they are still compatible with the 
radio limits and the Chandra flux point. 

A second possibility for a hadronic scenario is given by the 
location on the sky of HESS J 1507 -622 in the directio n of the 
outskirts of a molecular cloud (see lAcero et all 1201 lb . In this 
scenario a locally enhanced cosmic ray density at the source lo- 
cation could result in detectable hadronic gamma-ray produc- 
tion. However, it has to be noted that in lAcero et al.l (1201 ll) 
it has been concluded that the substantial difference in exten- 
sion and an offset of ~ 1° of the VHE source centroid from 
the densest part of the molecular cloud suggests no obvious 
association between these two objects (see also Fig. [T). The 
molecular cloud is most likely located at a distance of about 
400 pc. Therefore, a total energy in hadronic cosmic rays of 
Ecr ~ 2.4 x 10 47 (;i/ 10 cm~ 3 ) erg («: density of target material) 
would be required to explain the gamma-ray emission. This pop- 



ulation of cosmic rays would have to be concentrated in a sphere 
with radius of about 1 pc (corresponding to an angular radius 
of 0.15° at 400 pc). Consequently, the energy density in cosmic 
rays at HESS J1507-622 for an assumed density of target mate- 
rial of n »s 10 cm" 3 would have to exceed the local cosmic ray 
density at the solar system by about three orders of magnitude. 
The absence of any plausible particle accelerator in the vicinity 
of HESS J 1507-622 points against such a possibility and thus 
also this scenario may not provide a convincing explanation for 
the nature of the source. 

In contrast to these hadronic scenarios here in the following 
a leptonic model for HESS J1507-622 is considered. 

4. Discussion 

In this section the implications of a leptonic model in general 
and an evolved PWN origin in particular for HESS J1507-622 
are discussed. This scenario can explain the appearance of the 
source as relatively bright VH E gamma - ray emitter with only 
faint low-energy counterpart (Ide Jagerl 120081; iMattana et al.l 
120091) . 

4.1. Estimation of the distance 

The distance to an extended unidentified source can in principle 
be estimated if its physical size can be constrained. VHE parti- 
cles escape from their production site by diffusion and for the 
simple case of point-like injection the size of a source is given 
by the diffusion coefficient and the age of the particles. For the 
case of old leptonic sources, the size of the object is limited by 
energy losses of the VHE electrons and thus the age of these par- 
ticles is equivalent to the electron cooling time. At locations far 
away from the galactic plane the dominating photon field respon- 
sible for energy losses of the VHE electrons is the CMB with 
an energy density of about 0.3 eV crrT 3 . For this case the cool- 
ing time of electron s is giv en by f coo i ss l0 6 (E e /l TeV) years 
dHinton & Hofmanru. l2009l) with E e being the electron energy. 
The slowest possible diffusion is Bohm diffusion with a diffu- 
sion coefficient of /CBohm ~ 10 26 (£ , e ,Tev)/(B/jG) cm 2 s _1 where 
Zs e Tev gives the electron energy in TeV and B^q gives the mag- 
netic field in fiG. With these assumptions the physical exten- 
sion of a cooling dominated leptonic source can be estimated by 
f ~ V2 /CBohm t cool- For electrons with an energy of 60 TeV and 
a magnetic field of 1//G corresponding to ^Bohm ~ 6 x 10 27 cm 2 
s -1 and f coo i w 2 x 10 4 years the source would have a radius 
of about 25 pc. This estimate is also comparable to the typi- 
cal sizes of evolved PWN which are abundant extended VHE 
gamma-ray sources in the galac tic plane (e.g. IMattana et al.L 
12009b iKargaltsev & Pavlovl l201Ch . If HESS J1507-622 has in- 
deed an extension of 25 pc its angular radius of 0.15° would im- 
ply a distance of about 10 kpc. It has to be noted that a larger 
magnetic field would result in slower diffusion and thus in a 
more compact source morphology. However, the low X-ray flux 
in comparison to the gamma-ray flux does not support such a 
possibility (see Fig.[2]i. 

The more complete multi-wavelength picture of 
HESS J1507-622 might place further constraints on its 
distance. The SED fit from Sec. [3] seems to indicate a quite low 
magnetic field of ~ 1 fiG which is significantly smaller than the 
typical Galactic magnetic field of 3 - 10/iG. One possibility for 
the source being situated in a region with low magnetic field is a 
location far below the plane and thus outside the magne ti c field 
of the Galactic disk. ISimard-Normandin & Kronbergl (119801) 
found a thickness of the magneto-ionic plane of the Milky Way 
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Fig. 3. Observed and calculated hadronic SED for HESS J1507-622 for a continuous injection of protons. In blue and red syn- 
chrotron and IC radiation of primary (solid lines) and secondary (dashed lines) electrons is shown for a source age of 10 4 years. For 
more details see main text. 



of about 1.4 kpc. Thus, if HESS J1507-622 would be hosted by 
a low magnetic field environment outside this plane, its distance 
would exceed 20 kpc. Such a situation would imply then a 
physical radius of the object of > 50 pc. For comparison, this 
value corresponds roughly to the extensi on of the largest VHE 
gamm a-ray emitting PWN found so far dKargaltsev & PavlovL 
120101) . 

4.2. Energetics of the source 

The flux of HESS J1507-622 corresponds to a luminosity of 
L y (> ITeV) « 8 x 10 32 (c//lkpc) 2 erg s" 1 with d being the 
distance to the source in kpc. For the distance estimates from 
Sec. 14. II of lOkpc (20 kpc) this would result in a VHE gamma- 
ray luminosity of about 8 x 10 34 erg s (3 x 10 35 erg s -1 ) which 
is ag ain comparable to the most luminous PWN detec ted so far 
(e.g. lMattana et alll2009tlKargaltsev & PavlovL 1 201 Oh . 

To estimate the total energy in electrons required to ex- 
plain the luminosity of the gamma-ray source, two different ap- 
proaches are considered here. 

Firstly, only the population of electrons which can directly 
be probed by the gamma-ray observations are considered. As has 
been shown in Sec. [3] gamma-ray emission from HESS J1507- 
622 has been detected down to the (1-3) GeV band which re- 
quires electrons with energies of about 100 GeV for IC scat- 
tering on the CMB. These electrons IC cool on a timescale 
of fcooi ~ 10 7 years. Since the total flux in the Fermi energy 
range is F y a 8.2 x 10 _12 ergcm _2 s _1 the total energy in elec- 
trons above 100 GeV, given by £tot ~ F 7 t coo \4-mI 2 , amounts to 
3 x I0 41 (d/l kpc) 2 erg with d being the distance to the source. 

Secondly, for determining the total energy in electrons the 
entire energy range for the electrons from the sub-relativistic 
regime up to the cutoff at 60TeV is considered. It is further as- 
sumed that the electron distribution over the whole energy range 
can be described by a power-law distribution with index 2.6. 
From the calculated SED it is found that a total energy in elec- 
trons for this case of about 2.5 x 10 49 (rf/lkpc) 2 erg would be 
needed to explain the luminosity of the source. 



With the estimates from the previous paragraphs the ener- 
getics in electrons for the putative source distances can be deter- 
mined. A distance of 10 kpc (20 kpc) would require a total en- 
ergy in VHE electrons of about 3x1 49 erg ( 1 .2 x 1 5 ' erg) for the 
case where only the gamma-ray producing electrons are consid- 
ered or 2.5 x 10 50 erg (10 52 erg) for the case where the entire en- 
ergy range for the electrons is taken into account. These energy 
requirements would be compatible with the typical spin-down 
energ y of a pulsar of a few times 10 49 erg dGaensler & Slanel 
2006) for the first case up to a distance of about 10 kpc but would 
exceed the typical energetics of pulsar wind nebulae for the sec- 
ond case. For the second case a pulsar can only provide the nec- 
essary energy in electrons if the source is located within a dis- 
tance of a few kpc. The compact morphology of HESS J1507- 
622 seems to challenge this scenario (see Sec. 14. Q , 



4.3. PWN interpretation and potential Galactic halo location 

The rather compact appearance of HESS J1507-622 favors a 
multi-kpc distance d of the source (see Sec. 14. It which in turn 
results in a considerable physical offset from the Galactic plane 
of about 600 (<i/10 kpc) pc. Such a location has certain implica- 
tions for a PWN scenario for the VHE gamma-ray source since 
pulsars are generally born in the Galactic disk. However, pul- 
sars can be ejected from their birth place due to natal kicks 
that results in a Galactic lateral distribution for young pulsars 
which follows a Gaussian distribution with age dependent scale 
height. The width of this distribution scales linearly with pulsar 
age and for pulsar ages < 1 Myr it is expected to be < 500 pc 
dSun & Hani 120041) . Consequently, gamma-ray PWNe hosting 
pulsars with ages typically shorter than a few times 10 5 years 
are expected to be found at offsets considerably smaller than 
500 pc and thus at smaller offsets than has been estimated for 
HESS J150 7-622.Even for ex treme cases of pulsar velocities of 
lOOOkm/s (lHobbsetal.Ll2005l) the pulsar would need 6 x 10 5 yr 
to travel 600 pc. A pulsar located at such a large distance from 
the plane would be older than the typical gamma-ray PWN host- 
ing pulsar and its age would have exceeded the IC cooling time 
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of electrons that are energetic enough to produce VHE gamma- 
rays (seegj). Thus, the off-plane location of HESS J1507-622 
challenges a PWN origin for this source. 

This limitation on a PWN origin can in principle be over- 
come by a scenario where the pulsar is born offset from the 
Galactic disk in the core-c ollapse of a mass ive star that was 
ejected from the Galaxy (see lZinn et al.Ll201ll for core-collapse 
supernovae connected to hypervelocity stars). Since the pre- 
supernova lifetime of massive stars is of the order of 10 7 years, 
significantly longer than the lifetime of young energetic pul- 
sars, such a star can reach larger offsets from the Galactic plane. 
Consequently, after the star has exploded as a supernova, an en- 
ergetic pulsar could be found at such an off-plane location. For 
this scenario it would be expected that a SNR shell should be 
found in the neighbourhood of the PWN. Therefore one restric- 
tion for such a model is the absence of a SNR shell in the vicinity 
of HESS J1507-622. Gamma-ray PWNe could be much older 
than the duration of the Sedov phase of the SNR. In this case 
the very old PWN would be very extended. Deep future VHE 
gamma-ray observations that investigate the presence of emis- 
sion with lower surface brightness on larger spatial scales could 
be used to test this scenario. 

It has further to be noted tha t supernovae of h yperveloc- 
ity stars appear to be rare events dZinn et all 1201 lb . Therefore 
only a very limited number of PWNe resulting from such super- 
novae are expected in the Milky Way. Consequently, this sce- 
nario could also be tested by surveys that search for similar 
sources as HESS J1507-622 (see Sec.l4"~4l. 

The possibility that HESS J1507-622 belongs to the Galactic 
halo discussed in this section is based on the observational result 
that the source is rather compact and located at significant an- 
gular distance from the Galactic plane. However, future more 
sensitive VHE gamma-ray observations could in principle re- 
veal that the source is more extended than measured to date. 
In this case, the constraints on the distance and on the physi- 
cal offset from the Galactic plane would be relaxed and a PWN 
interpretation would appear more feasible. A decreased distance 
to HESS J1507-622 would also result in a decreased gamma- 
ray luminosity and hence also a less powerful pulsar would be 
required to explain the VHE gamma-ray source. 

To summarise, the properties of HESS J1507-622 challenge 
a PWN origin but due to the uncertainty in distance such a sce- 
nario cannot be ruled out in general. 

4.4. Potential population of such objects 

In this section an alternative to a PWN scenario is explored. 
The following considerations are based on the result that with 
HESS J1507-622 and 2FGL J1507.0-6223 an unassociated 
HE source has bee n linked to an unassociated VHE source 
dNolan et all 120121) . It is further based on the discovery of a 
considerable number of unassociated HE s ources reported in the 
Fermi 2-year catalogue dNolan et all 1201 21) . In principle some of 
these HE sources could feature extended VHE emission similar 
to HESS J1507-622. 

So far only one VHE gamma-ray source without prominent 
multi-wavelength counterpart, namely HESS J1507-622 has 
been found outside the main dis tribution of such sou rces within 
±2° around the Galactic plane dChaves et all 120091) . However, 
HESS J1507-622 could in principle be the first discovered rep- 
resentative of a source population which is distributed with large 
angular offset around the Galactic disk. In this case the distribu- 
tion of this object population can be used to further constrain the 
distance and thus nature of their representatives. For the simplest 



case, where sources from this population are distributed homo- 
geneously around the Earth, the surface density of these objects 
should be constant in every direction. Since the distance to the 
source is likely to be several kpc (see Sec. 14. It it may belong to 
a population of objects which is distributed around the Galactic 
center rather than to a local source population around the Earth. 
In this case the surface number density should be more concen- 
trated around the galactic center. 

HESS J1507-622 is a rather bright VHE sour ce and is ob- 
serve d with about 8% of the flux of the Crab nebula (lAcero et all 
1201 lh . Therefore, the H.E.S.S. galactic plane survey would have 
sufficient sensitivity for detecting a source like HESS J1507-622 
out to a Galactic latitude of ±4° and the result that only one such 
source has been found can be used to constrain their number on 
the sky. Since the H.E.S.S. Galactic plane survey extends over 
140° in Galactic longitude the surface density of objects like 
HESS J1507-622 in the bands of -4° to -2° and 2° to 4° Galactic 
latitude should not be much larger than one source per ~ 0.17 
steradians. For an order of magnitude estimate on the number 
of comparable sources here a constant source number density is 
assumed as would be expected for a local source population. In 
this case < 70 sources would be distributed on the entire sky. 
For different distributions (e.g. concentrated on the galactic cen- 
ter as discussed above) this estimate is only a course guideline. 
Nevertheless, in principle (9(10) similar sources might be scat- 
tered on the sky. Surv eys obtained with the future Cherenkov 
Telescope Array (CTA lActis et all 1201 lh and HAWC0 will be 
crucial to test if HESS J1507-622 belongs to a population of 
sources with similar characteristics. 



5. Summary and outlook 

In this paper the SED from GeV to TeV energies for 
HESS J1507-622 has been explored and additional results from 
radio and X-ray observations from the literature have been used 
to further constrain the emission scenarios. Based on the spectral 
results and with the available data it is not possible to discrim- 
inate between a hadronic and a leptonic scenario. The location 
and compactness of the source may indicate a considerable phys- 
ical offset from the galactic disk for this object. Interestingly, 
such a scenario would imply that this source is disconnected 
from a young stellar population. So far only very few Galactic 
VHE gamma-ray sources that are related to an old stellar popu- 
lation have be en found. Such sources include remnant s of super- 
novae type la (lAcero et all 2010t Acciari et all 201 lh and most 
likely a globular cluster (lAbramowski et all 1201 lbl) . but none of 
them lacks a prominent low-energy emitter in its angular vicin- 
ity. The nature of HESS J1507-622 is still unknown to date, but 
a PWN scenario cannot be ruled out in general. More sensitive 
VHE gamma-ray observations are desirable to search for spa- 
tially more extended, low surface brightness VHE gamma-ray 
emission from this source. At the same time, further MWL ob- 
servations in the X-ray and radio band appear to be necessary to 
constrain the nature of the gamma-ray emitter. These observa- 
tions may also help to explore if this source is indeed linked to 
an old stellar population. 

HESS J 1507-622 could be the first representative of a class 
of VHE gamma-ray sources with HE counterpart that are dis- 
tributed with larger physical offset around the Galactic disk. 
In this context it is important to note that several hundred HE 
gamm a-ray sources have b een reported in the Fermi 2-year cata- 
logue dNolan et all 1201 2|) that appear to be unassociated with 



3 http://hawc.umd.edu/ 
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counterparts in other wavelength. In principle some of them 
could be linked to extended VHE gamma-ray sources similar to 
HESS J 1507-622. Future surveys in the VHE gamma-ray range 
are necessary to explore whether there is indeed a Galactic halo 
source population in this energy range. 
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